Germ cell nuclear factor (GCNF), a nuclear orphan receptor, involved in spermatogenesis, neurogenesis, differentiation, and embryo development, was highly expressed with two transcripts (7.4 and 2.3 kb) in mouse testis and with only one transcript (7.4 kb) slightly expressed in brain, liver, and kidney. The 2.3-kb transcript was restricted to round spermatids at stages VII and VIII of the spermatogenic cycle. The present report demonstrated its expression in epididymis as well, but at a very low level. Northern blot analysis showed two transcripts: a common 7.4-kb transcript and a unique 3.1-kb transcript. The expression levels of both GCNF transcripts in epididymis were down-regulated by androgen, as observed in castrated animals and aged mice. Polyclonal antisera against GCNF protein were raised. Western blot analysis showed the presence of only one band in total protein extracts from either mouse testis or epididymis. It indicated that the two mRNAs 
G ERM CELL nuclear factor (GCNF), also named retinoid receptor-related testis-associated receptor (RTR), neuronal cell nuclear factor, or NR6A1, is an orphan member of the nuclear receptor superfamily that is also a putative transcription repressor (1) (2) (3) (4) (5) . The GCNF gene was initially reported to be predominantly expressed as two transcripts (7.4 and 2.3 kb) in germ cells of adult mice, but only its 7.4-kb mRNA was detectable in brain, liver, and lung (2, 6) . Further analysis revealed that the 2.3-kb mRNA was restricted to round spermatids at stages VII-VIII of the spermatogenic cycle (7) . As a transcription factor, its DNA-binding site (responsive element) and its downstream targets have been identified, such as protamine-1 and -2 (8) . The 7.4-kb mRNA was also found in the embryo and embryonic carcinoma cells (3, 9) . Furthermore, knockouts of the GCNF gene were embryonically lethal (10) . This suggested that the receptor might participate in the process of gametogenesis and neurogenesis. This complex temporal and spatial expression pattern suggested that GCNF might play fundamental roles in different genesis (3, 4, 7, 10 -13) . We were interested in its roles in spermatogenesis and sperm maturation because it is highly expressed in testes with an extra 2.3-kb transcript, and its expression in epididymis has not been reported.
Mammalian spermatozoa are highly differentiated by the time they leave the testis (14, 15) . Nonetheless, they lack motility and the ability to fertilize, which is not intrinsic to sperm cells themselves, but depends on the epididymis (16) . The epididymis is a long convoluted tubule in which spermatozoa migrate from the testis to the vas deferens. Along the tubule, with distinct morphological changes and gradients in gene expression and secretion of specialized proteins, the epididymis is distinguished into three major regions: caput, corpus, and cauda (17) (18) (19) . As spermatozoa move along the epididymis, the sperm surface undergoes a series of physical, chemical, and morphological alterations resulting from the unique and everchanging luminal fluid microenvironment provided by different, well organized epididymal regions (17) . The regional specificity of gene expression in epithelial cells is crucial to establish the luminal fluid microenvironment in the epididymis (20) . The spatial and temporal patterns of gene expression are critical to the development and maintenance of a fully functional epididymis, and there must be some stringent regulation involved in this series of complex events (21) . Thus, the identification and analysis of the expression pattern in epididymis may provide valuable information about the role of the gene in spermatozoa maturation. Here we report the expression and characterization of GCNF in mouse epididymis determined by improved Northern blot analysis and using polyclonal antisera against GCNF protein.
RNA isolation and Northern blot analysis
Adult (56 d old) male BALB/c mice were castrated by surgery. The mice were classified into seven groups (six mice per group), each killed at different times after castration (0, 3, 5, and 7 d) and 1, 3, and 5 d after a single injection of testosterone propionate (5 g/g body weight) applied to the 7-d castrated mice. Epididymis samples for each group were pooled for RNA extraction. Pooled serum samples from every group were sent to Shanghai Zhong-Shan Hospital for measurement of testosterone content by RIA. The other samples of testis, epididymis, and spleen were from six immature (24 d), six adult (56 d), and two old (20 months) BALB/c mice and three adult Sprague Dawley rats. Total RNA extraction and Northern blot analysis were performed as described previously (22) . Total mRNAs were prepared according to the instructions of the manufacturer (Promega Corp., Madison, WI). The probe used was a 271-bp cDNA fragment of GCNF (nucleotides 1535-1806) that was ␣-32 P-labeled (2). The films were exposed with two intensifying screens at Ϫ80 C for 10 d for autoradiography. RNA expression levels were quantified using a Gel-Pro Analyzer 3.0 (Microsoft Corp., Redmond, WA) and were normalized by 18S ribosomal RNA.
RT-PCR and sequencing
A reverse transcription (RT) kit from Invitrogen (San Diego, CA) was used. Oligo(deoxythymidine) 17 MN was annealed to 2 g of old mouse epididymis total RNA, and the reaction was initiated by adding reverse transcriptase kept at 42 C for 50 min. The enzyme was inactivated at 70 C for 15 min. The resulting first strand cDNAs were used as template for first round PCR amplification using oligo(deoxythymidine) 17 MN and GCNFspecific (SP9, 5Ј-ATACACACATAAGCCAAACC-3Ј) primers. The cycling conditions were 94 C for 1 min, 50 C for 30 sec, and 68 C for 2 min for 35 cycles. The PCR products corresponding to a band size of approximately 1.1 kb (see Fig. 4B , area between the two arrows) were cut and extracted for the second round PCR amplification using two GCNF-specific primers (SP9 and 3TT, 5Ј-TTTATTCTTTCAGCAGCCTGG-3Ј). Cycling conditions were 94 C for 30 sec, 57 C for 30 sec, and 68 C for 2 min for 35 cycles. The sample in the secondary PCR product size of 1.1 kb was cut and extracted from gel, then sequenced with primer SP9 (United GENE Holdings, Ltd., Shanghai, China).
Protein extracts preparation and Western blot analysis
The testis nuclear protein extracts were prepared according to the published method (23) with minor modification [adding 100 l 0.1 m phenylmethylsulfonylfluoride and 50 l protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) to buffer II instead of adding various proteases].
The total protein extracts of mouse epididymis were prepared as follows. Epididymis samples were homogenized directly in 1ϫ sodium dodecyl sulfate sample buffer [2% sodium dodecyl sulfate, 62.5 m Tris (pH 8.0), 0.4 m dithiothreitol, and 10% glycerol tissue weight (g)/buffer volume (ml), 1:5] on ice, then left at 80 -85 C for 5 min. The mixture was centrifuged at 12,000 rpm for 15 min. The supernatant was assayed for protein concentration.
Western blot analysis
Protein samples (80 g proteins of epididymis extracts/lane) were separated on a 10% SDS-PAGE gel and electron-blotted to a polyvinyli-
Northern blot analysis of GCNF total RNA/mRNA from different tissues of mouse and rat. All blots contained 20 g total RNAs/lane, except for lane Em (2.5 g total mRNAs/lane). A, Total RNAs from rat testis (T) and epididymis (E), respectively. Em, Total mRNA from rat epididymis. B, Samples from adult mouse testis (AT), spleen (AS), and epididymis (AE) and immature mouse testis (IT) and epididymis (IE) are shown. C, Samples from two old mouse testes (OT) and epididymes (OE), six adult mouse testes (AT) and epididymes (AE), and six immature mouse testes (IT) and epididymes (IE). D, The quantitative comparison (the relative hybridization intensity expressed as mGCNF/18S ribosomal RNA) of GCNF transcripts expressed at different ages in mouse epididymis. 3.1kb and 7.4kb, The relative amounts of the 3.1-and 7.4-kb transcripts, respectively; 3.1 ϩ 7.4, the sum of the two transcripts.
dene fluoride membrane (Amersham Pharmacia Biotech, Piscataway, NJ). The anti-GCNF antiserum was used as primary antibody (24), and goat antirabbit immunoglobulin G-horseradish peroxidase was used as secondary antibody with diaminobenzidine for color development.
Immunohistochemical staining
Tissues were fixed in Bouin's fluid and then embedded in paraffin. For immunohistochemical staining of mouse testis and epididymis and to visualize GCNF for confocal microscopy, the fluorescein isothiocyanate-conjugated AffiniPure goat antirabbit IgG Indirect kit (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) was used. For cell discrimination, the immunofluorescence-stained testis and epididymis sections were then restained with hematoxylin and eosin. Photographs of hematoxylin and eosin-stained sections were made (Leica Corp., Wetzlar, Germany), and digital photographs of fluorescent sections were taken using a 410 laser scanning confocal microscope and software (Carl Zeiss, Jena, Germany). The whole epididymis image with immunofluorescent staining was edited with Adobe Photoshop 5.5 (Adobe Systems, San Jose, CA).
In situ hybridization
Single-stranded RNA probes for in situ hybridization were synthesized in the presence of digoxigenin-UTP (Roche, Mannheim, Germany) and T3/T7 RNA polymerase (MBI Fermentas, St. Leon-Rot, Germany) from linear pBluescript KS ϩ containing 3Ј-untranslated region sequences of GCNF (nucleotides 2448 -2602) (2). The antisense probe was generated by T3 RNA polymerase, and complementary sense probe was generated by T7 RNA polymerase. Both probes have less than 13% homology with other genes according to Blast in GenBank.
Tissues were fixed in 4% paraformaldehyde/PBS and then embedded in paraffin. In situ hybridization was performed as previously described (22, 25) .
Results

GCNF was expressed in mouse epididymis with two transcripts
Hirose et al. (1) and Chen et al. (2) showed that GCNF mRNAs were predominant in mouse testis and were just detectable in brain, liver, and lung. For detecting the low level mRNA in Northern blot analysis, three parameters were modified i.e. enhancing the specific activity of the probe, loading total mRNAs instead of the total RNAs, and extending the exposure time for the x-ray film. GCNF expression patterns in mouse and rat epididymis were studied with testis as the positive control and spleen as the negative control. As shown in Fig. 1 , in rats two transcripts (7.4 and 2.3 kb) were observed in both testis and epididymis, although the signals in epididymis were much lower than those in testis and could only be seen in lane Em where 2.5 g total mRNAs was used instead of 20 g total RNAs (Fig.  1A) . The proportions of the two transcripts in the two tissues were different (i.e. 7.4/2.3 kb ϭ 1/5 in testis and 3/1 in epididymis). In mouse epididymis, however, besides the common 7.4-kb mRNA, a unique 3.1-kb mRNA appeared (Fig. 1B) . Using our sensitive assay, GCNF mRNA could also be detected in spleen at low levels, although it was undetectable in the Northern analysis performed by Hirose's group (1) . The sizes of the two transcripts were exactly the same as those in epididymis. Moreover, the 3.1-kb mRNA was also found in mouse brain (data will be shown in another report). This suggested that the expression pattern of GCNF might have species specificity. Although we reported previously that the two transcripts (7.4 and 2.3 kb) were expressed in testis conservatively in diverse species representative of three mammalian orders, the 2.3-kb mRNA was the predominant one in all of the species tested. Here we found that the 7.4-kb mRNA was the predominant one in epididymis. Testing the expression patterns in mouse epididymis at different ages further confirmed the presence of this 3.1-kb mRNA (Fig. 1C) . It also showed that both of the transcripts were slightly increased in adult mice and were greatly increased in old animals (Fig. 1D) .
Down-regulation of GCNF mRNAs in epididymis by androgen
The expression of genes in the epididymis responds differentially to androgens and/or testicular factors (17) . The effects of androgen manipulation on GCNF mRNA expression were studied by Northern blot analysis (Fig. 2A) . The expression levels of both GCNF transcripts in epididymis increased gradually and reached a plateau 5-7 d after castration. After a single injection of testosterone to the 7-d castrated animals, the steady state of the two mRNAs gradually decreased toward normal in parallel with the rapid FIG. 2 . The expression profiles of GCNF in mouse epididymis after androgen manipulation. A, Northern blot analysis of adult mouse epididymis RNA from precastration (PC); bilaterally castrated for 3, 5, and 7 d (C3, C5, C7); and 1, 3, and 5 d after a single injection of testosterone propionate applied to the 7-d castrated mice (C7 ϩ 1, C7 ϩ 3, C7 ϩ 5). There were six mice per group. B, Diagram showing the changes in the steady state of GCNF transcripts in mouse epididymis and the serum testosterone level (nanograms per milliliter) during androgen manipulation. Y1, The relative expression levels of transcripts (hybridization density of GCNF mRNA/18S ribosomal RNA); 3.1 and 7.4, the levels of 3.1-and 7.4-kb mRNAs, respectively; 3.1 ϩ 7.4, the sum of the two transcripts; Y2, the serum testosterone concentration (nanograms per milliliter). increase in the serum testosterone level. It increased again while the serum testosterone level fell back to zero (Fig. 2B) . This androgen down-regulated expression pattern provides a logical explanation for why levels of GCNF mRNA in the aged mouse epididymis were much higher than those in adults.
GCNF expressed one protein in testis and epididymis
To identify the endogenous GCNF protein forms in epididymis, we raised polyclonal antisera against an Escherichia coli-expressed GCNF protein with a six-histidine tag (24) . For testing the quality of the antisera, an immunohistochemical experiment was performed on mouse testis. The results shown in Fig. 3A are in agreement with the data reported previously and verified the specificity of the antiserum (11). On the Western blot only a single band of approximately 55 kDa was detected in testis nuclear extracts and epididymis total protein extracts (Fig. 3B) , which well matched the expected size of the deduced GCNF open reading frame (1, 2) . This result was also in keeping with the same protein we found in testis using a polyclonal antiserum against a synthetic GCNF peptide (26) . No matter how many different forms of transcripts were found in mouse testis or epididymis, only one protein form could be detected. Therefore, different transcripts were translated to the same protein. This also suggested that the 3.1-kb mRNA must result from different alternative initiation or termination.
The 3.1-kb mRNA was transcribed from the GCNF gene by alternative termination
To verify that the 3.1-kb transcript was not a nonspecific hybridization signal, RT-PCR was used to detect its 3Ј end. Using the complete sequence of the entire 3Ј-untranslated region (1874 -6302 bp) of the 7.4-kb mRNA (26), a typical polyadenylase-adding signal, AAUAAA, was coincidentally found at 2815 bp, which might be the end of the 3.1-kb mRNA. Thus, using oligo(deoxythymidine) as a primer and old mouse epididymis total RNA as a template, RT was performed. As the probe used in the Northern blot analysis was a 271-bp cDNA fragment of GCNF (nucleotides 1721-1992) resulting from PCR with a pair of primers (sp9, nucleotides 1721-1740; sp6, nucleotides 1973-1992), sp9 and
Immunostaining and immunoblot analysis using polyclonal antisera against GCNF protein. A, Immunostaining of mouse testis sections with GCNF polyclonal antisera (I) and with preimmunized serum (PI) as the negative control. The I section was then restained by hematoxylin and eosin (HE). Staining was restricted to the nuclei of the primary and secondary spermatocytes and the round spermatocytes in the mouse testis section. E, Elongated spermatid; L, Leydig cell; P, pachytene spermatocyte; R, round spermatid. B, Western blot analysis of GCNF protein in adult mouse testis and epididymis. GP, Purified GCNF protein with a size of 55 kDa expressed in E. coli; TN, nuclear protein extract of adult mouse testis; EE, total protein extract of epididymis.
oligo(deoxythymidine) 17 MN were selected as primers for the PCR in the RT mixture to obtain the 4.7-and 1.1-kb bands expected for the 7.4-and 3.1-kb transcripts, respectively (Fig. 4A) . Due to the great disparity in annealing temperature for the two primers, it was difficult to obtain the distinct PCR products in this run as shown in Fig. 4B . Cutting off the PCR products about 1.1 kb from the agarose gel as template, a second round PCR was performed with sp9 as the forward primer and 3TT (with polyadenylase adding signal) as the nested reverse primer. A 1.1-kb fragment was recovered from the gel and sequenced. The sequencing results were as predicted and proved that the 3.1-kb mRNA was transcribed from the GCNF gene by alternative termination (sequence data not shown).
GCNF is region-and cell-specifically expressed in epididymis
GCNF expression in epididymis was further characterized by immunohistochemistry and in situ hybridization assays. With immunofluorescence staining, the expression pattern of GCNF exhibited regional specificity. As shown in Fig. 5, A and B, the distribution of the signal was as follows: initial segment and intermediate zone (Ϫϩ), caput (ϩ), proximal and middle corpus (2ϩ), distal corpus (ϩ), and cauda (Ϫϩ). Such a region-specific expression pattern was further confirmed by in situ hybridization assay at the mRNA level (Fig. 6) . The immunostaining of GCNF protein was restrictedly localized in the nuclei of epithelial cell (Fig. 5, C  and D) . The positive signal in the cauda lumen was due to round spermatids that highly expressed both transcripts of GCNF. Several reports mentioned that lymphocytes and round spermatids dropped from testis can be seen in epididymis cauda lumen (27) (28) (29) . By hematoxylin and eosin staining of the same sections and confocal microscopy, we found that not all the principal/clear cells and halo cells were immunostained by the anti-GCNF antiserum. The percentage of stained principal/clear cells was low in the initial segment and intermediate zone, higher in the caput region, highest in the middle corpus, and then decreased gradually in the distal corpus and cauda (Fig. 5B) . Moreover, we found that most of the halo cells in cauda and some halo cells in corpus were also immunostained by anti-GCNF antiserum, and there was no staining in apical cells, narrow cells, and basal cells throughout the epidid- ymis (Fig. 5, C and D) . It was uncertain whether GCNF was expressed in clear cells because of the difficulty in distinguishing principal cells and clear cells by hematoxylin and eosin staining (Fig. 5) .
Discussion
Reports from different laboratories showed that the GCNF gene predominantly expressed two transcripts (2.3 and 7.4 kb) in testis, whereas only the 7.4-kb mRNA was detectable in other tissues (brain, liver, kidney, and lung; Ref. 2) . By improving the sensitivity of the Northern blot analysis, we obtained the following results. We confirmed that the 2.3-kb mRNA only occurred in testis, but found it to be present in rat epididymis, although not in mouse epididymis (2) . Epididymis and spleen were added to the list of tissues with low expression of GCNF (3) . In addition to the 7.4-kb mRNA, there was also a faintly detectable 3.1-kb mRNA found in the tissues tested, including testis. We have demonstrated previously that the two transcripts (7.4 and 2.3 kb) in testis have same open reading frame and thus translated into one protein (26) . Thus, according to the Western blot results, the 7.4-and 3.1-kb transcripts in epididymis should be the same as those in testis. In other words, this minor 3.1-kb mRNA must be transcribed from the same GCNF gene by alternative initiation and termination. This was further confirmed by the sequence of the 3.1-kb mRNA amplified by RT-PCR. Why the GCNF gene has to express two or three transcripts to encode a single protein is an interesting subject for further studies.
Most genes in the testis and epididymis are regulated by androgen (17) . Although GCNF is a transcription factor, we wondered whether its expression in testis is also regulated by androgen. As GCNF, especially the 2.3-kb mRNA, is predominantly expressed in round spermatids, the number of which will be affected by androgen, it is difficult to design a convincing experiment to address this topic. Here we were able to show that androgen down-regulates GCNF mRNAs (7.4 and 3.1 kb) in the epididymis of the castrated mice. As we used only a single injection of testosterone for the hormone replacement, the serum testosterone level increased rapidly on the first day after injection, but dropped to nil on the third day. The change in GCNF mRNA levels, on the other hand, was not synchronous, but delayed. This is not surprising because we did not measure its transcription rate and only showed the steady state of its mRNA, which rep- resented the total balanced amount of mRNA during its synthesis and degradation. Whether the 2.3-kb mRNA in testis is also regulated by androgen still needs to be ascertained. Although the majority of the gene expression in epididymis was up-regulated by androgen, some of the gene expression was reported to be down-regulated by androgen (17, 30, 31) .
Regional expression is one of the most intriguing aspects of gene expression in epididymis (17) . The GCNF gene also exhibited a region-specific pattern of expression at the protein level. It was mainly expressed in the nuclei of epithelial cells located at the caput, proximal, and middle corpus and had a very weak signal in the distal corpus and the entire cauda. In general, the acquisition of mobility and fertility for spermatozoa is essentially completed in most species only by the time sperm enter the cauda region of the epididymis (32, 33) . The regional expression pattern of GCNF in mouse epididymis suggested that it plays a role in regulating the expression of its target genes, which might be essential for sperm maturation. There have been reports of several genes specifically expressed in the corpus region of the epididymis that might be candidates for the downstream targets of GCNF action (17, 34 -36) . The expression of GCNF in halo cells suggested that it might be involved in immune actions in the epididymis. Thus, GCNF may be involved in spermatozoa maturation as well as gametogenesis, neurogenesis, cell differentiation, and embryo development (1) (2) (3) 10) .
